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ABSTRACT 
.&ry l a y e r  f r i c t i o n  data under i o n  pumped vacuum was taken f o r  
f t c e n  ma te r ia l  couples. The t e s t  se r i es  was an ex tens ion  o f  a  prev ious 
-. - ldy o f  the e f f e c t s  of mod i f i ed  i o n  pumped e n v i r o n w n t s .  S l i d i n g  
!stances imposed i n  the present  e f f o r t  g r e a t l y  exceeded any s tud ied  i n  
:.ia previous cont iguous, f l i g h t  o r  ground t e s t s .  
:a r  o u t  o f  s p e c i f i c  couples, i n  p a r t i c u l a r ,  t h i n  f i l m  l u b r i c a n t s  was 
. nted. Whereas the prev ious s tud ies  were 1 i m i  t e d  t o  approximate ly  120 
:ters o f  maximug s l i d i n g ,  sT id ing  i n  excess o f  5000 meters was achieved 
:t)r some couples. 
:he behavior o f  the t e s t  hardware i n c l u d i n g  wear o u t  o f  the mechanisms 
im/as noted. As a  r e s u l t ,  the impact o f  t e s t  i n t e r r u p t i o n  was observed f o r  
several t e s t  couples. Recovery o f  the  f r i c t i o n  upon re-es t a b l i s h i n g  
s l i d i n g  i n  vacuum was genera l l y  rap id .  The r e s u l t s  o f  the extended 
s l i d i n g  study r e i n f o r c e  t h e  prev ious conclus ion t h a t  s l i d i n g  d is tance 
(me,:hanic;rl h i s t o r y )  i s  t h s  pi"iiiiat'y f a c t o r  i n  e s t a b l i s h i n g  the force 
l i m i t i n g  bounciary 1  ayer f r i c t i o n .  General f r i c t i o n  values under the  
extended s l i d i n g  con f i rm  those observed i n  prev ious  o r b i t a l  and t h e  
t-elated ground t e s t  s tud ies .  
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INTRODUCTION 
repor t  presents the  r e s u l t s  o f  a s l i d i n g  f r i c t i o n  s tudy  i n  which the  
; f ic ients o f  f r i c t i o n  over  extended s l i d i n g  d is tances were determined 
.. sixteen ma te r ia l  couples. The t e s t  hardware and m a t e r i a l s  were de r l ved  
- a previous o r b i t a l  t e s t  program and were a l s o  used i t ]  genera t ing  
. - ra l  o t h e r  se ts  of comparat ive ground t e s t  vacuum data. I n  the  present  
, . ; t , ,  the t e s t  p a i r s  on one module were sub jec ted  to. over  1000 meters o f  
: id ing  w h i l e  couples' on the  o t h e r  module were t e s t e d  t o  over  5000 meters. 
. e a r  ou t  of  the  t e s t  modu'les occur red  d u r i n g  the  extended s l i d i n g  t e s t  
y c e s s i t a t i n g  i n t e r r u p t i o n  and r e p a i r .  Pre-planned a l t e r n a t e s  i n  t h e  
j . ~ c n t  o f  such an occurrence were used. 
:!>is study i s  the  cu lm ina t i on  o f  severa l  prev ious programs performed by  
7, J : !  c Systems f o r  the  A i r  Force Rocket Prcpplrlrion !.abcrcto:-y ;,fin j~ct 
Propulsion Laboratory i n  surfbce adhesion mechanics. These s tud ies  are 
d i rec ted  toward improving the  t e s t i n g  o f  devices, components and s l  f d i n g .  
contact mechanisms by the  es tab l ishment  and d e f i n i t i o n  o f  adequate space 
I q u a l i f i c a t i o n  techniques. 
A previous program, AFRPL-TR-69-207 In-Space F r i c t i o n  l e s t " ) ,  developed 
a small f r i c t i o n  s u b s a t e l l i t e  des ign  and experiments, manufactured and' 
q u a l i f i e d  two s a t e l l i t e  systems (ERS 19 and 20) w i t h  associated ground 
t e s t  hardware and performed both  o r b i t a l  and ground t e s t  experiments o f  
the f r i c t i o n a l  behavior  o f  s i x t e e n  m a t e r i a l  combinat ions. D e t a i l s  o f  t h e  
spacecra f t  system are a v a i l a b l e  i n  Reference 3, "Environmental Research 
.d.L 
Sate1 1 i tes  f o r  In-space Frict ion--Experiments - System D e s c r i p t i o n  
Document" and Reference 4, ."Operat ions Plan:  Envi ronm?ntal Research 
S a t e l l i t e  No. 20". D e t a i l s  o f  t h e  ground t e s t  experlment equipment 
hardware are  prov ided i n  Reference 5, "AFRPL Ground Test  F r i c t i o n  
Experiment - Operat ions I6anualU. 
The o r b i t a l  t e s t  phase wzls in . l tP 'c ted  i n  Apri ' l  1969 w i t h  the 'lailnch ol' 
ERS 20 from the  Eastern Tes t  Range. A planned e l l i p t i c a l  o r b i t  rang ing  
from 4600 n. m i l es  per igee t o  60,000 n. m i l es  apogee was achieved.  
Experiment da ta  was acqu i red  over  a fourteen-month p e r i o d  a t  which t ime 
the spacecra f t  t e s t  was terminated.  As p a r t  o f  the o r b i t a l  t e s t  program, 
pre launch da ta  was taken i n  an o i l  d i f f u s i o n  pumped u l t r a h i g h  vacuum 
e n v i r o n m ~ n t  p r i o r  t o  i n i t i a t i n g  the  o r b i t a l  t e s t  phase. A d d i t i o n a l  p o s t  
1  aunch ground t e s t s  were a1 so conducted which i n c l u d e d  t e s t s  t o  eva lua te  
t he  e f f e c t s  o f  u l t r a v i o l e t  r a d i a t i o n ,  i n e r t  gases, oxygen, water  vaoor, 
l a b o r a t o r y  a i r  and c o n t r o l l e d  o i  1  vapor contaminat ion.  These t e s t s  a re  
descr ibed i n  Reference 2. 
I n  1969 a s e t  o f  comparat ive f r i c t i o n  da ta  was taken i n  t he  JPL Molecular  
Sink Vacuum F a c i l i t y .  Subsequently, i n  e a r l y  1970 a comparat ive s e t  o f  
ground f r i c t i o n  da ta  was taken i n  an i o n  pumped vacuum system as 
descr ibed i n  Reference 1 ,  I o n  Pumped Vacuum F r i c t i o n ,  AFRPL-TR-70-120. 
The r e s u l t s  of t h i s  s tudy  which extends the t e s t  i n i t i a t e d  i n  a mod i f i ed  
i o n  vacuum environment (TRW Docu. No. 17805-6001-R0-00) are reviewed i n  
l i g h t  o f  bo th  t he  p rev ious  o r b i t a l  , molecu la r  s i n k ,  and i o n  pumped vacuum 
f r i c t i o n  behavior .  
GENERAL 
(iver the past  s i x  years under sponsorship of the Je"cropu1sion 
2ratory and A F R P L ,  TRW Systems has oerfornied severa'i programs to  
--ry;se the understanding of space coldwel ding and f r i c t i o n  processes. 
. . 
:' :luded in  these a c t i v i t i e s  were the performance of i n-space evaluations 
.i;ieved by orb i t ing  small special purpose s a t e l l i t e s  containing experiments 
... secure actual long term space data.  Paramount to  jus t i fy ing  performing 
I . ' 
:i;? f l i gh t  t e s t  evaluations has been the use of the orb i ta l  data as the 
.;,sis for  performing corollary ground t e s t  comparisons and ca l ib ra t ions  
!>'i simulation f a c i l i t i e s .  Such ground t e s t  s tudies  i n  conjunction with 
t!ie orbi ta l  data. has provided the means to  develop c r i t e r i a  allowing the 
specification of more meaningful s'caadards f o r  t e s t i ng  and qua1 i fying 
;pace hardware which involve mechanicaT motion. 
The i n i t i a l  o rb i ta l  investigation (contract  AF 04-617-9883) developed f ive  
experimental elements consist ing of four Valve Experiments and a Supplemental 
Contactor Experiment (SCE). These t e s t  elements allowed the study of 
twel ve materi a1 s combirlati ons under repeti  t i  Ce nordal Force contact  
conditions. Two small s a t e l l i t e s  were designed, fabricated and success- 
ful ly  orbited.  Each contained a complement of the f ive  experiment uni ts .  
Pre and post launch t e s t s  in  several ground vacuum f a c i l i t i e s  were 
acconiplished pr ior  to  and Pol lowing the orbi ta l  t e s t  phase. Extensive 
orbi ta l  t e s t  data showed normal force coldwelding t o  be of a very small 
magnitude. Con'mmi nation e f fec t s  observed with the SCE a1 lowed a c lear -  
cut d i f fe ren t ia t ion  between 'the;.test environment produced by several 
oil  cliffusion pumped vacuum chambers and an ion pumped f a c i l i t y .  The 
following conclusions regarding purely normal force metal -to-metal 
contacts were made: 
(1) Large numbers of r epe t i t i  ve normal force contacts in  the space 
~nvi ronaent  under coiitaci s t resses  less  than y ie ld  produced no col dvelding 
force deveS opnient of ei ig i  neeri ng s'i gni i'icahce. 
(2)  ' Dielectr ic  surface contamination buildup which occurred duri ng 
o i l  diffusion pumped ground simulation t e s t s  was not noted in  space nor 
with an ion pumped ground simulation t e s t .  (Such contamination buildup 
i s  unacceptable in performing metal -to-metal coldwel ding a n d  f r i c t i on  
t e s t s .  ) 
(3 )  No evidence of a space environlnent exposure time dependence was 
noted, up t o  integrated o r b i t  times of one year .  
( 4 )  No evidence of any orbi ts1 a l t i t u d e  dependence was found between 
100 and 2000 nautical  miles. 
The second se r i e s  of invest igat ions  wiiicli were undertaken focused upon 
shear o r  s l i d ing  f r i c t i o n  conditions . A modular experiment was designed 
(AFrJ4-611-9950) to  permit s l i d ing  e igh t  r iders  across a s imilar  numher of 
fixed specimens i n  an osc i l l a to ry  manner. Subsequently, a special f r i c t i on  
s a t e l l i t e  design (AF04-611-10747) was developed incorporating two such 
modules and the necessary command l inks  to  permit ground control of the 
experiment. Two s a t e l l i t e s  of t h i s  design were fabricated.  One of these 
was successful iy  launched in to  a 4000 X 65,000 nautical mile o rb i t .  The 
second was l o s t  during a launch vehicle f a i l u re .  A photograph of the two 
f r i c t i on  spacecraft  p r ior  t o  o rb i t a l  t e s t  i s  shown i n  Fi gure 1 .  
With the successfully launched s a t e l l i t e ,  o rb i ta l  f r i c t i on  data was taken 
over 13 months duration a t  which time the in-space t e s t  was terminated. 
Following the s a t e l l i t e  t e s t  program two corol lary ground t e s t  investi  - 
gations were accomplished. As pa r t  of the e a r l i e r  o rb i ta l  f r i c t i on  t e s t  
program, reference o i l  pumped ultrahigh vacuum ground t e s t s  were performed. 
These showed a lower f r i c t fon  force development between about one-half 07 
the sixteen pairs tested from tha t  which occurred in space. To resolve 
th i s  difference a ground t&t. (F04611 -C-69-0080) was accomplished i n  
cooperation with the J e t  Propulsion Laboratory using t h e i r  Molecular Sink 
Vacuum Faci l l ty  t o  perform a r epe t i t i ve  s e t  of t e s t s .  The Molecular S i n k  
Vacuum Faci l i ty  embodies advanced desigi? features  t o  produce a unique 
space vacuum simulation. Fo1 lov~ing completion of the No1 Sink t e s t s  a 
comparative s e t  o f  data wzs a l so  t aken  in an Ion Pumped (F04611-C-70-0029) 
Test  Fac i l i ty .  Th? follo,~:S~~g conclus~ioi~s have bccri developed from t h i s  
, . . . ~  : .  ~. 
r .  ,. : , . , ?: . 'I. ' ,<-,..:,* .:,L..,:<c$;f : " "' 
: ~ - L.~: ::;, - . .  . .,.. 
-. 
, . , . !> . . 
, . , ,i.(c. .h?l-. 
. . XX..<* , - 
. . ' '  I. _'' . 
,. , .;~.$.*- * 
, ' ?,i, ; ' :. , ,,. . ,: ~  >,,,, .,i< .;:-;:.Y~;~&<:;,: >.;. c*:,P<f 
, -.. . ...-;! ... _. .... ~,rz .;r..? Figure 1. ERS 19 and 20 ~ r i c t i & ( ' ~ ~ ~ ~ ~ & ~ ~ ~  
se r ies  of i nves t i ga t i ons  : 
(1) The o r b i t a l ,  Mol Sink and I o n  Pumped F r i c t i o n  Data systemat i -  
c a l l y  agrees f o r  the s i x teen  t e s t  ma te r i a l  p a i r s  tested.  
( 2 )  The o r b i t a l  f r i c t i o n  data shows no space exposure t ime 
dependence throughout the thir teen-month t e s t  phase which inc luded 
l ong  dwel l  per iods between i n d i v i d u a l  experiment runs .  
( 3 )  NO o r b i t a l  a1 t i t u d e  dependence was noted. 
( 4 )  A systematic lower f r i c t i o n  i n  an o i l  d i f f u s i o n  pumped u l t r a -  
h igh vacuum occurred f o r  about one-ha l f  o f  the t e s t  p a i r s .  
( 5 )  Control l e d  environment (vacuum degradat ion s tud ies )  i n  t h e  o i  1 
pumped t e s t  chamber w i t h  water,  oxygen, argon and o i l  showed t h a t  Chose 
ma te r ia l  couples which had lower than the  space f r i c t i o n  values were 
v i r t u a l l y  i n s e n s i t i v e  t o  t h e  degraded vacuum environment. By c o n t r a s t  
those co,uples agreeing w i t h  the  space data showed a reduc t i on  i n  shear 
forces under the degraded vacuum s tud ies .  
(6) F r i c t i o n  data taken i n  o r b i t  over t h i r t e e n  months and i n  the 
Mol Sink and I o n  Puniped t e s t  o f  ten  days showed the accumulated 
mechanical h i s t o r y  t o  b e  the dominant f a c t o r  i n  e s t a b l i s h i n g  the  shear 
fo rce  between s l i d i n g  ma te r ia l s .  
2 .  FRICTION EXPERIMENTS 
The experiment cons is ts  o f  two i d e n t i c a l  u n i t s ,  designated A and '3. 
Each u n i t  contains a d r i v e  motor, a mechanical d r i v e  assembly, and 
prov is ions  f o r  making f r i c t i o n  nieasurements on e i g h t  i n d i v i d u a l  p a i r s  
o f  ma te r i a l  samples. Figures 2  through 5 i l l u s t r a t e  one such module. 
Three sets o f  modules \?%re b u i l t ,  two f o r  ERS 19 and 20 and one s e t  f o r  
performing ground t e s t s .  
The experiment was designed t o  permi t  d i r e c t  comparison o f  r e s u l t s  
obta ined i n  a 1 aboratory vacuum chamber aga ins t  in-space cond i t i ons  , 
so t h a t  more meaningful data may be obta ined from fu tu re  l abo ra to ry  
t e s t s .  For t h i s  reason, the exper i i i~ent  hardware was designed i n  a 
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F igu re  5 F r i c t i o n  Ex?eriolent - Ton V i m :  
,!,oratory vacuum chamber and i n  an ERS spacecra f t  f o r  in-space t e s t i n g .  
important paraineters o f  t h e  i n v e s t i g a t i o n  are  t h e  cumulat ive number o f  
.,.~.iriien'c ac tua t ions  and the space environmental exposure t ime. 
Cll gh t  experiment used two f r i c t i o n  modules t o  produce r e c i p r o c a t i n g  
;ding motion betweeti 16 p a i r s  o f  f r i c t i o n a l  surfaces each o f  a d i f f e r e n t  
r p r i a l  combinat ion. The f r i c t i o n a l  surfaces were mounted i n  such a way 
,;t they extended o u t  o f  th?  ends o f  the  spacecra f t  and, thereby, de r i ved  
.rimurn exposure t o  t h e  deep vacuum of  space, w h i l e  having maximum 
. o l a t i o n  from outgassing o f  o t h e r  spacec ra f t  elements. An i n d i v i d u a l  
-3c.rilnent module was commanded "on" through a command rece fve r  1 i n k .  
he of a con!:nand l i n k  a l l o w i n g c o n t r o l l e d  ope ra t i on  assured t h a t  t h e  t e s t  
orfaces were no t  s e r i o u s l y  mod i f ied  by excessive wear p r i o r  t o  ach iev ing  
.bytended o r b i t a l  exposures. The r e c i p r o c a t i n g  f r i c t i o n  specitnens and the  
.elemetry commutator were synchronized i n  o rde r  t o  lnaximize the  a b i l i t y  
' o  analyze the  f r i c t i o n  da ta  as a f u n c t i o n  of v e l o c i t y .  The motors, gear  
:rains, and a l l  l i n k a g e  bear ings are  h e r m e t i c a l l y  sealed through the  use 
;if a bel lows assembly and, there fore ,  the  o n l y  f r i c t i o n  po in t s  exposed t o  
vacuum are the  t e s t  sur faces.  
4 r e c i p r o c a t i n g  motion was se lec ted  i n  preference t o  cont inuous r o t a r y  
,ot ion f o r  two reasons. The pr imary advantage i s  t h a t  a range o f  s l i d i n g  
uz loc i  t i e s  can be i n v e s t i g a t e d  by t h i s  technique i n c l u d i n g  zero a t  each 
end. I n  a d d i t i o n ,  t h e  use of  such mot ion permi ts  t h e  s e a l i n g  o f  a l l  
::orking f r i c t i o n  surfaces o t h e r  than the t e s t  surfaces. 
E l im ina t i on  o f  cross-contaminat ion i s  achieved by i n c o r p o r a t i n g  s h i e l d i n g  
x i  t h i n  each module p lus  u t i l i z a t i o n  of the  s a t e l l i t e  i t s e l f  f o r  s h i e l d i n g  
purposes. Cross-contaminat ion p;.'oblems are somewhat e a s i e r  t o  t r e a t  i n  
space than i n  the  l abo ra to ry .  I n  space, one need o n l y  be concerned w i t h  
? .h ie ld ing  i i n e - o f - s i g h t  paths f rom pr imary  o r  secondary surfaces associated 
21th the  o r i g i n  of  the contaminants. The experimental sur faces cannot 
1.3ceive a cross-contaminat ion f l u x  from the  s o l i d  angle of space which 
t'iej, view. I n  the  labors . to ry9  t h i s  sS,y s o l i d  angle hecomes an acceptance 
;ngle f o r  rece i v i r i g  co;iliui\i nan-is c r i s i n g  o r  i^L".i.uk-rl.ing '?i'o!il the  i n n e r  
surfaces o f  a vacuum chamber. 
A key element i n  the experiinent design i s  the reciprocating arm t h a t  
holds each moving t e s t  specimen. As shown in  Figure 6 ,  t h i s  arm includes 
two mutually perpendicular f lexures .  The " f r i c t i ona l  drag" f lexure  
supports two s t r a i n  gages fo r  indicat ing the amount of f r i c t i ona l  drag 
which i s  proportional t o  the degree of f lexing.  The output of these 
gages i s  telemetered during the f l i g h t  t e s t .  The "normal force" f lexure 
allows application of the normal force t o  the t e s t  specimen surfaces .  
Stra in  gages mounted on th i s  f lexure allow f o r  s e t t i n g  the  ~nagnitude of 
the normal force .  Adjustment of the normal force i s  made a t  the r i de r  
specimen holder. The flexure assembly i s  designed with an overload 
re lease  function tha t  will  prevent stoppage of the module drive mechanism 
due to  to ta l  se-izure of any pa i r  of t e s t  materials .  This i s  accomplished 
by u t i l i z ing  a shear-pin connection which y ie lds  i f  the coef f ic ien t  of 
f r i c t i o n  between two  samples increases beyond several hundred grams. 
The s t r a in  gages and t h e i r  bonding agents were d i r ec t l y  exposed to  the 
space environment a n d ,  therefore,  had t o  be capable of withstanding 
d i r e c t  radiation and so l a r  heatinu and s t i l l  meet the performance require- 
ments. Because of t h e i r  immediate proximity t o  the f r i c t i o n  t e s t  surfaces 
they fur ther  could not generate objectionable outgassing contaminants. A 
sa t i s fac tory  mounting was developed using a high temperature epoxy ( B R  600) 
which was thermal-vacuum preconditioned a t  ?50°F a f t e r  gage i n s t a l l a t i on .  
Figure 7 shows a logarithmic plot  of force versus amplifier  output fo r  
epoxy-mounted drag flexure gages. This par t i cu la r  f lexure i s  a (-2) 
configuration having a thickness of .016 inches and represents the design 
used with the lower coef f ic ien t  of f r i c t i o n  materials .  A (-3) configuration 
which i s  not shown, has a .020 inch thickness and i s  employed with higher 
force f r i c t i on  combinatjns.  Aside from the thickness of the drag f lexure ,  
-.. 
, both configurations are $entical. 
The 3.0 volts  amplifier  output represer,' - n t e r  value fo r  the SCO- 
telemetry input. Use of a double-ended ; Cerential 104 amplifier  permits 
following both direct ions  of the f r i c t i o n  force during a spccimcon traverse 
with tiearly constant accuracy throughout t h e  dynamic force range of i n t e r e s t .  
Tests on the amplifier showed tha t  within a range of 10" to 40°C, the 
output voltage changes a niaximum of 5 mv. 
Figure 6 Frict ion Experiment Cumpound F1 exure 
F igu re  7 Illustrative Strain G?ge 2 n d  Amplifier O u t p u t  V e r s u s  I n o u t  19 
.e s a t e l l i t e  se rved  as a  v e h i c l e  i n  wh ich  t o    lace t h e  e x o e r i m e n t  i n  an 
. .:rth o r b i t ,  t hus  p r o v i d i n g  t h e  env i ronmenta l  exposure and measurement 
c r i o d s  d e s i r e d .  The s a t e l l i t e  system p r o v i d e d  f o r  remote c o n t r o l  o f  
Lye exper in lent  and t r a n s m i s s i o n  o f  t h e  r e s u l t i n g  d a t a  t o  a  ground c o n t r o l  
s t a t i o n .  
The s a t e l l i t e  may be c o n s i d e r e d  as b e i n g  composed o f  an e x p e r i m e n t  and 
the f o l l o w i n g  f o u r  subsystems : 
1. Command and C o n t r o l  
2. Beacon, Te lemet ry ,  and S i g n a l  P r o c e s s i n g  
3. E l e c t r i c a l  Power 
4. Mechanical  
These subsystems a r e  f u l l y  d e s c r i b e d  i n  t h e  S a t e l l i t e  D e s c r i p t i o n  
Document, Reference 3. 
3. GROUND TEST HARDWARE 
As p r e v i o u s l y  d e s c r i b e d ,  two comole te  ERS s a t e l l i t e  systems (ERS 19 
and 20) w i t h  f r i c t i o n  exper iments  were b u i l t .  I n  c o n j u n c t i o n  w i t h  t h e  
s a t e l l i t e  d e s i g n  development,  b readboard e l e c t r o n i c s  were f a b r i c a t e d .  
These breadboard e l e c t r o n i c s  i n  c o n j u n c t i o n  u i t h  two a d d i t i o n a l  
exper imen t  nodu les  ( F i q u r e  8) p r o v i d e  t h e  hardware t o  p e r f o r m  l a b o r a t o r y  
f r i c t i o n  t e s t s  i n  s i m u l a t e d  space vacuum env i ronments .  
The m a j o r  e lements  c o n s i s t  o f :  
a. Two Exper iment  Modules ( A  and B) 
b .  One Breadboard E l e c t r o n i c s  Rack 
c .  One ~ommand::and Segment S e l e c t o r  Box 
d. One Normal Force T e s t  Box 
The r e c o r d e r ,  power supp ly ,  and d i g i t a l  v o l t m e t e r  equipment used i n  an 
a c t u a l  t e s t  s e t u p  a r e  s t a n d a r d  e l e c t r o n i c s  equipment.  
An expanded d e s c r i p t i o n  o f  t h e  ground Les t  i iardware and i t s  o o e r a t i o n  i s  
c o n t a i n e d  i n  Reference 4.  A - t y p i c a l  e x p e r i m e n t  se tup  i s  shown by  t h e  
i n t e r c o n n e c t  d iagram,  F i g u r e  9.  
,, ,."' - 8 
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F igure  9. Interconnect Diagram 
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Experiment Module 
Each experiment module provides the mechanical s t ruc tu re  t o  t e s t  
e igh t  specimen pa i r s .  A self-contained dc drive motor and cam follower 
simultaneously drives e iqh t  moving soecimens, which are individually 
mounted on the end of the compound flexure arms, across the faces of 
e igh t  fixed specimens in  an o s c i l l a t i n g  motion. Individual s t r a i n  gaqe 
sensors f o r  each t e s t  pa i r  allow measuring a real time analog force 
signal of both the drag and normal forces .  I n i t i a l  normal forces are 
s e t  by adjustment of the individual moving sample holders a t  the end of 
t h e i r  f lexure arm. Adjustment of the fixed specimen alignment with 
respect  t o  the moving arm i s  provided by adjustment nuts a t  the outboard 
edge of the fixed specimen support webs. 
0 Breadboard Electronics Rack 
The breadboard e lec t ron ics  rack provides the basic power d i s t r i -  
bution, control , instrumentation and data processing a1 lowinq exercise 
of the experiment modules. Upon i n i t i a t i o n  by the Command and Segrnent 
Selector Box, these e'lectronics automatically perform predetermined 
functions using self-contained logic  c i r c u i t s .  The signal output i s  
presented in a s ing le  channel format containing sequent ia l ly  commutated 
information. 
0 Command and Segment S e l e c t i o e  
This uni t  provides f o r  the exercise  of the experiment e lect ronics  
rack with two functions: 
a .  Command switches allowing i n i t i a t i o n  of s i x  d i s t i n c t  
responses. 
b .  Self-contained clocks and an external logic inh ib i t ion  
.: . 
perrni t t i n g  entering and stopping a t  any pre-selected 
data segment. 
4 .  ION PUI4PED VACUUM FACILITY 
The t e s t  faci i i t y  employed in t h i s  study was chosen as representative 
of ion pumped ultrahigh vacuum systems routinely found throughout aerospace 
organizations.  I n  pa r t i cu l a r ,  a room temperature chamber wall provided 
WS-tjgD1-RB-oXl 
the nlajor view factor t~ 'the experinaenta! apparatus and test Furfaees. 
TFie facil'lty and 'the t&t hardw.%m fs shown i n  Ffgure 10. The facfl4 ty 
consis& af a dquble ended hor3tontal test chamher 18" dia, X 30* length, 
The pmping systm cmsjsts of a 4fl0&/sec fan pump and a tS tanfum 
sublfmatian pump CTSPP. Roaghing tfx chamber fm ambfent pressure i s  
accmplkhed by three somtion pump. A sorptton pump contains an 
e x t e ~ W  s u r f a c ~ ~  porous stwcture whfch is cooled to lYqufll nftrogen 
teRFperature to kandense the gas. These pumps are peiefodically rejuvenated 
by bakwut a t  elevated tenperature. As can b~ seen i n  FIgure 10, numeP'ous 
flanges rm the t&t chamber perrnft the mawnting rsf fnstrutnentati~ and 
ebctrf  cal wd mechan%cal fwdthmugks . This Facility has been operated 
empty to less than i~-"torr.  





Throughout t h e  t e s t  s e r i e s  t h e  SSP was o p e r a t e d  cn a programmed b a s i s  
w i t h  con t inuous  c o o l i n g  o f  t h e  TSP w e l l  s u r f a c e s  w i t h  l i q u i d  n i t r o g e n .  
T o t a l  p r e s s u r e  measurements were made w i t h  a  nude h o t  ca thode gage of 
t h e  B a y e r t - A l p e r t  t y p e  mounted i n  t h e  chamber. No bakeou t  o r  o t h e r  
a c t i v e  c l e a n i n g  methods were used on  t h e  chamber o r  t e s t  e lements  p r i o r  
t o  t h e  f r i c t i o n  t e s t .  S . i rn i la r ly ,  no a c t i v e  means were employed i n  any 
o f  t h e  p r e v i o u s  f r i c t i o n  t e s t s .  
5. TEST MATERIALS 
The p r i m a r y  c r i t e r i a  a p ~ l i e d  i n  t h e  s e l e c t i o n  o f  t h e  t e s t  m a t e r i a l  
coup les  f o r  t h e  ERS 20 f l i g h t  t e s t  was t o  p r o v i d e  a  c ross  s e c t i o n  o f  
m a t e r i a l  comb ina t ions  whose f r i c t i o n  m i g h t  be r e s p o n s i v e  t o  v a r i a t i o n s  
i n  t h e  t e s t  env i ronment .  W i t h  l i ~ n i  t e d  knowledge o f  t h e  n ~ i c r o f r i c t i o n a l  
processes f o r  any s p e c i f i c  m a t e r i a l s ,  f o u r  genera l  c l a s s e s  were 
cons ide red .  The f o u r  c l a s s e s  a r e :  
I. M e t a l s  and a l l o y s  
11. T h i n  f i l m  l u b r i c a n t s  
111. I n o r g a n i c  compounds 
I V .  Polymers 
Tab le  I l i s t s  t h e  s p e c i f i c  m a ' t e r i a l s  s e l e c t e d  f o r  t e s t  on ERS 20. P l s o  
shown i n  T a b l e  I i s  a  l i s t  o f  t h e  m a t e r i a l s  deve loped f o r  t h e  ERS 19 
f l i g h t  t e s t  wh ich  a b o r t e d  i n  l a u n c h .  An e x t e n s i v e  s o l i c i t a t i o n  orogram 
o f  t e s t  m a t e r i a l s  was under taken  i n  d e v e l o p i n g  b o t h  l i s t s  i n c l u d i n g  
rev iews  w i t h  numerous i n d u s t r i a l  and government o r g a n i z a t i o n s  wh ich  
have a c t i v e  f r i c t i o n  orograms underway. Tab le  I 1  groups the t e s t  
m a t e r i a l  c a t e g o r i e s .  .;%. 
Each m a t e r i a l  sample used i n  t h i s  program was o b t a i n e d  f r o m  a  s i n g l e  
common s t o c k  and b a t c h  processed t o  m i n i m i z e  t h e  e f f e c t s  o f  m a t e r i a l s  
d i f f e r e n c e s .  R i d e r  m a t e r i a l s  were 1 / 8 "  d i a m e t e r  b a l l s  c r imped  i n  t h e  
aluminum f l e x u r e  a m  h o l d e r s .  The f i x e d  specimen was a  r e c t a n g u l a r  F l a t  
n o m i n a l l y  112 X 1 -5 /0 "  x 1 /16" .  \!here p1a"Lngs o r  t r a n s f e r  l u b r i c a n t  
f i l m s  were used, t h e  a p p l i c a b l e  s u b s t r a t e  f l a t  m a t e r i a l  i s  i n d i c a t e d  
on Tab le  I .  
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Table I 
(AFRPL FFICTION TEST \LITF.RIALS) 
FRICTION TEST WTCRlA1.S - FRS 20- 
, 
r n t e e o r y  (ZO) r i d e r  f l a t  
A  t u n g s t e n  ca r l~ i l l c  (WC! x tunq:sten c a r h i d e  (UC) 
B LLOC S.S.  n t u n e a c e n  c a r h i d e  (14C) 
C t u n g s t e n  cnrbi:!e x alu-ninum o x i d e  ( b u l k  A1203) 
H t u n g s t e n  c a r b i d e  (UC) x s o l d  p l a t e  (Au15?100) 
, ;l 
E 440C S . S .  x b o r o n  n i t r i l l e  (BU) 
B c o b s 1  r (Coj  x t u n f i s t e n  c a r b i d e  (UC) 
n L!<UC 5 . 5 .  x 17-1, P I I  S . S .  
FRICTION TEST VATER1AI.S - ERS 1 9  
r i d e r  f l a t  
t i t a n i u m  (5-2 .5  Sn)  x t i t a n i u m  (5-2 .5  Sn)  
h40C S.S. x d o u b l e  d e p o s i t e d  molybdenum 
r l i s u l f  l d e  (UaS2/5?1(10) 
p h o s p h e r  bronze x chrome c l e c t r o l i z e d  17-4-CRES 
r e p e a t  (Samc as ERS 20) 
440C S . S .  x 440C S .S .  
440C 5:s. x LroS2 f i l l e d  p a l y p h e n q l e n e  
440C S .S .  x VroS, f i l l e d  t a n t a l u m  (AFSI. . I S )  
r: 460C S.S.  x burnished t r l n ~ s t e n  d i s e l e n i d e  G r e p e a t  (Same as ERS,2U) 
(1%'Se2/17-4FiI) 
i. !I c o b a l t  (Co) x s i l v e r  p l a t e  (Agi17-4Pil) I 4LOC S .S .  x n o s  f i l l e d  t e f l o n  ( D u r a i d  5813) 2 
D c o b a l t  (co) x c o b u l t  ( c o )  n r e p e a t  (Samc as EFS 20)  
G c o 5 3 l r  (Co) x b e r y l l i u m  ( R e )  G LLOC 5 . 5 .  x b u r n i s h e d  ' I o S 2 / s u l i 1 d e d  52100 
D n l u m i n i ~ e  ( A l l  x S c r y l l i u m  (Ue) C 440C S . S .  x p o l y i m i d e  bonded  MoS2/44dC 
F 4LOC S .S .  x 151: p,Iass f i l l e d  t e f l a n  (PI'FE) F r e p e a t  (Same as  ERS 20) 
F 4LOC 3 , s .  x p a l y i n i d e  ( V e s p e l  SP21) F r e p e a t  (Same as ERS 20)  
i: 44OC S .S .  x h u r n i e h e d  n a t u r a l  molybdenum C r e p e a t  (Same as LR3 20)  
d i s u l f i r l c  (!loS 117-4Pll) 2  
c 440C S.S. x b u r n i s l l e d  s s i > t l ~ e t i c  molybdenum J P5 carbon x s~rayed A1203/52100 
d i s u l f i d e  ('10s 117-4l'H) 2 
*See Table V f o r  category indent i  f i c a t i o n  and comparisons 
Ca t e q o r ~  
Carbide X Carbide 
bietal X Carbide,: 
/ 
Carbide X Oxide 
Metal X Metal 
Table 11 
AFRPL FRICTION MATERIALS CATEGORY SUMMARY 
Number of  Tes t  
General 
Combinations Employed 
Metal X N i t r ide  
Metal X Polymer 
Metal X L a w l l a r  Film 
Metal X S o f t  Metal Film 
Metal X Composite Lubricant  
Metai X Oxide 
Total Sample Combination 
Total Lubricants  
Total Unl ubr ica ted  
Class  ERS 20 ERS 19 
I I I 
PERFORFIANCE OF EXPERIMENTS 
1.  GENER4L 
This s e c t i o n  describes the f r i c t i o n  t e s t  p r o f i l e  u t i l i z e d  i n  the 
extended i o n  pumped vacuuln t e s t .  Since a comparison i s  niade o f  these 
resu l t s  t o  prev ious o r b i t a l  r e s u l t s ,  t h i s  s e c t i o n  a l s o  sumnlarizes the 
o r b i t a l  t e s t .  These desc r ip t i ons  serve as a bas is  f o r  the data 
presentat ions and r e s u l t  d iscussions conta ined i n  the  f o l l o w i n q  sec t ions .  
The o r b i t a l ,  niolecular s ink ,  and i o n  vacuum t e s t s  exerc ised the  experiments 
w i t h  i d e n t i c a l  run  p r o f i l e s .  Inc luded \.rere bo th  i n t e r m i t t e n t  and 
continuous s l i d i n g  phases. This  a l lowed i n v e s t i g a t i o n  o f  environmental 
and t ime dependent paran~eters i n  a d d i t i o n  t o  s tudy ing  the  e f f e c t s  o f  
cumulat ive s l i d i n g .  A spec ia l  t e s t  p r o f i l e  was used i n  per fo rming the 
extended i o n  vacuum t e s t .  
For the th ree  prev ious pr imary t e s t s  the m a t e r i a l s  on Module A were run  
t o  66 meters o f  s l i d i n g  and those on Module B t o  120 meters. The d u r a t i o n  
o f  the  o r b i t a l  t e s t  was four teen months. By con t ras t ,  t en  days o f  vacuum 
exposure each were used f o r  pe r fom l ing  the molecu lar  s i n k  t e s t  and i o n  
puniped vacuum t e s t .  For the  mod i f ied  i o n  vacuum t e s t  bo th  modules were 
operated throuqt i  120 nieters over a ten-day t e s t  pe r iod .  The extended i o n  
I pumped t e s t  operated Module A i n  excess o f  1500 meters and Module B t o  
5600 meters. 
2. ORBITAL TEST 
The o r b i t a l  t e s t  phase was i n i t i a t e d  i n  A p r i l  o f  1967 w i t h  the  
successful  launch o f  ERS 20 (OV5-3) from the  ETR aboard a T i  tan  111 
launch veh ic le .  The o r b i t  achieved was t h a t  nomina l ly  planned o f  4600 
x 60,000 n a u t i c a l  m i l es .  The.P.r ic t ion t e s t  was i n i t i a t e d  48 hours 
-- 
a f t e r  spacecra f t  i n j e c t i o n .  O r b i t a l  data was taken by var ious STAOAN 
t r a c k i n g  s t a t i o n s  under r e a l  t ime c o n t r o l  o f  STADAN Space Physics a t  
Goddard Space F l i g h t  Center. Operat ional  1 i r n i  t s  o f  the  spacecra f t  
d i c t a t e d  t h a t  the f r i c t i o n  data be acqui red a t  s l a n t  ranges o f  50,000 km 
o r  l ess  between the command s t a t i o n  and the  spacecraft .  The spacecra f t /  
experiment operat ions were e s s e n t i a l l y  nominal throughout the e n t i r e  
o r b i t a l  t e s t .  Inc luded i n  the o r b i t a l  t e s t  were bo th  i n t e r m i t t e n t  and 
con t inuous  r u n  p r o f i l e s .  The i n i y i : ; !  {,/'',':31 t e s t  p l a n  c a l l e d  f o r  
.,. , ' c 
a p p r o x i m a t e l y  s i x  months of  t e s t  d;l+.:i. i :  .. "as l a t e r  m o d i f i e d  t o  
e x t e n d  t h e  t e s t  p a s t  t w e l v e  month2 f,f ',li:!.,-*tive Space exposure  and 
i n c l u d e d  an ex tended p a s s i v e  d w e l l  f ?'!d c o n t i n u o u s  r u n  phases. 
F r i c t i o n  d a t a  was o b t a i n e d  th rougho .~+ ,  f . t 8 r :  = r b i t a l  t e s t  f o r  f i f t e e n  o f  
s i x t e e n  m a t e r i a l  con lb ina t ions .  As jr~(lir,;;~,?< b y  t h e  t e l e m e t e r e d  d a t a ,  
t h e  shear  p i n  f o r  t h e  440C x  17-4 pi! ,,f.:; if:;~~s s t e e l  c o m b i n a t i o n  
appears t o  have r e l e a s e d  a f t e r  v e r y  l i % f . ' i c :  s l i d i n g .  
3.  EXTENDED ION PUMPED VACUUM TEST 
The ground t e s t  f r i c t i o n  exp2i.jr,r:rlf. hnd e l e c t r o n i c s  were i n t e g r a t e d  
d u r i n g  Oc tober  1970 i n t o  a  TRW syst~ir t , ,  Iof i  I'umped Vacuum F a c i l i t y .  New 
m a t e r i a l  specimens from t h e  samples , ~ r ; , . r , ~ i f ~ ~ d  i n  S e c t i o n  111 were 
i n s t a l l e d .  A l l  c o u p l e s  were t h e  snrfil: a'. t h e  p r e v i o u s  t e s t  comb ina t ions  
. . 
e x c e p t  A7, wh ich  t e s t e d  440C AFSL-I!; (1 compos i te  l u b r i c a n t  o f  Nos2 
- -  . 
- 
i n  t a n t a l  um. 
The exper imen t  modules were mounted j r l  l , l ~ r :  vacuuln chamber as stlown i n  
F i g u r e  11. A  channel  s e c t i o n  p r o v i d c r l  t.l~(: s t r u c t u r a l  e lemen t  between 
t h e  chamber w a l l  and t h e  two module?.  
The o p e r a t i o n a l  s t a t u s  o f  t h e  f r i c t i u r l  r : / l~( : r iment modules was such t h a t  
a l l  s i x t e e n  m a t e r i a l  comb ina t ions  c o ~ l i  r l  111: t e s t e d .  A f t e r  a  p r e t e s t  
checkou t  f o l l o w i n g  i n t e g r a t i o n ,  t h e  v~rr.lllJlll t e s t  phase was i n i t i a t e d  and 
t h e  p rede te rm ined  120 m e t e r  exper imcr i l .  rill1 p r o f i l e  f o r  t h e  m o d i f i e d  i o n  
pumped t e s t  implemented.  T a b l e  111 r,rc~~lrl(,'; t h e  exper imen t  o p e r a t i o n a l  
summary f o r  t h e  ex tended  i o n  pumped V,~~.IJIJIII L e s t  wh ich  was a  c o n t i n u a t i o n  
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TABLE 111 ( c o n t ' d )  
DATA 
,!ATE MODULE RUN LAPSED TIME 
HOURS MINUTES 
* Ran f o r  1 h o u r  and 41 m inu tes .  Mo to r  c u r r e n t  i n c r e a s i n g  t h e n  s topped.  On 
a g a i n  t o  comple te  run .  
** Moto r  s topped  a t  5 min,  e a r l y .  Drawing 450 m i l s .  Power s u p p l y  s e t  t o  l i n i i t  
a t  450 m i l s .  
*** Removed f r o m  chamber-be1, l .g~~ 1 eak 
- .. 
TABLE I11 (con t ' d )  
DATA 
DATE MODULE RUN LAPSED TIME 
CIOURS - lrlINUTES 
A P R I L  1 5 ,  1 9 7 1  A - B  
B A P R I L  1 6 ,  1 9 7 1  
A P R I L  1 9 ,  1 9 7 1  B 
A P R I L  20; 1 9 7 1  ' . B -.. 
-I 
A P R I L  2 1 ,  1 9 7 1  B 
MAY 3, 1 9 7 1  B 
TABLE 111 ( c o n t ' d )  
DATA 
RUN LAPSED TIME 
HOURS MINUTES 




:;rive s h a f t  broke. 
>'he b a l l  bearing on t h e  d r i v e  mechanism wore ou t .  
The method o f  t e s t  d i f f e r e d  son~ewhat from a l l  prev ious s tud ies  i n  t h a t  
a l o g a r i t h m i c  sample r a t e  o f  data a c q u i s i t i o n  was used. Between 
scheduled data  t a k i n g  events the experiment was run  cont inuous ly  by-passing 
the normal i n t e g r a l  clocks and counters o f  the  ground t e s t  e l e c t r o n i c s .  
Dur ing the  actual  data a c q u i s i t i o n  the complete ground t e s t  e l e c t r o n i c s  
package was used. F igure  12 i l l u s t r a t e s  the da ta  a c q u i s i t i o n  frequency 
used versus accumulated s l i d i n g .  
O r i g i n a l  p lans c a l l e d  f o r  ope ra t i on  o f  Module B t o  1000 meters o f  s l i d i n g  
and Module A through 15,000. Recogni z i n g  the  possi b i l  i t y  o f  mechanical 
wear o u t  o f  the  t e s t  hardware, pre-p l  anned a1 t e r n a t i v e s  a1 lowed reve rs ing  
the r o l e  o f  which module would be used f o r  the g r e a t e r  extended s l i d i n g .  
Furthermore, should mechanical reasons terminate both modules i n  t e s t ,  
the necessary r e p a i r  was t o  be e f f e c t e d  and the  t e s t  cont inued t o  5000 
r a t h e r  than 15,000 ise te rs .  
Dur ing performance o f  the t e s t ,  a l l  op t ions  were exerc ised.  I n i t i a l l y  
Module B was exerc ised through 1000 meters o f  s l i d i n g  i n  e a r l y  A p r i l .  
Subsequently, the  longer  Module A test 'was s t a r t e d  and proceeded through 
about 1500 111eters. A t  1500 meters an anomalous d r i v e  motor c u r r e n t  and 
subsequent f a i l u r e  t o  run  was encountered. Rather than break vacuum, 
Module B was p laced i n t o  extended t e s t  wherein a t  n e a r l y  the  s a w  t o t a l  
s l i d i n g  ~ 1 5 0 0  meters an analogous behav ior  was observed. 
Since bo th  modules were i n o p e r a t i v e  i t  was necessary t o  te rminate  the 
t e s t  and remove the mo'dulcs. f rom the chamber f o r  i n s p e c t i o n  and r e p a i r .  
Fo l lowing a b r i e f  examinat ion, i t  was ascer ta ined the motor f a i l u r e s  
were the  r e s u l t  o f  a l o s s  o f  vacullm seal due t o  a f a t i g u e  f a i l u r e  o f  
the  main be l lows.  This f a i l u r e  i s  shown i n  F igure  13. Analys is  o f  the 
t o t a l  number o f  s t ress - reve rsa l  (%35,000) cyc les each module had 
encountered and the  app rop r ia te  be1 1 ows 1 i f e  expectancy formul as, 
showed t h e  f a i l u r e s  f e l l  w i t h i n  the p r e d i c t e d  values.  
New bel lows assemblies were ordcred w i t h  a ma te r i a l  s u b s t i t u t i o n  p r o v i d i n g  
f o r  g r e a t e r  cyc le  1i . iet imes incorpora ted .  Because o f  the  p r i o r  vacuum 
FIGURE 12. Estilnated Exper i~nent  Run Time vs. S l i d i n g  Distance 
METERS OF SLIDING 
FIGURE 13. Fatigued Bellows 
.!peration e f f ec t s  on the drive [motor assemblies, these were f e l t  
.inre1 i able and an avail able spare motor subst i tu ted.  
.After s i x  weeks delay necessary fo r  bellows delivery and nlodule reassembly, 
i4odule B was placed back in to  t e s t .  However, a s e r i e s  of other l~iechanical 
fa i lures  necessitated two additional disassembly and refurbishment 
B era t ions .  Fortunately, residual hardware in  the form of bearings ,nvolved in the original  manufacture were avai lable .  Damaged flexure 




Extended s l id ing  f r i c t i o n  data f o r  sixteen material combinations w a s  
obtained under ion pumped vacuum conditions. Compared with the result 
of previous t e s t s  conducted in  o i i  pumped ultrahigh vacuum, c o n t r o l l e ~  
environment degraded vacuum and i n  s a t e l l i t e  o rb i ta l  t e s t  conditions, 
the frict-ion behavior i s  found to  generally match the orb i ta l  resul ts .  
Whereas previous s tudies  showed tha t  the microfrictional process betvrtc 
d i f fe ren t  material combinations i s  sensi t ive  to d i f f e r en t  aspects of a 
t e s t  environm~nt, this study showed t h a t  continued s l i d ing  of a given 
t e s t  pa i r  did not measurably a1 t e r  previous findings except as wear out 
was noted. 
Specific resu l t s  f o r  ea.ch material combination are  discussed i n  the 
foT!owing sect ion.  Appendix A presents individual coef f ic ien t  of 
f r i c t i on  graphs for  each material conibination for  both the orbi ta l  and 
the extended ion pumped vacuum t e s t s  ., Since the extended f r i c t i o n  data 
i s  a continuation of the previous modified ion pumped t e s t ,  the curves 
include this data as the f i r s t  '920 me'ters. 
Appendices B, C & D provide the graphical r e su l t s  f o r  the o i l  pumped, 
molecular s i n k ,  and ion pumped f r i c t i o n  t e s t s  respectively.  
2 .  SUMMARY 
Sumary resu l t s  are as follows: 
1 .. In two 'ins.tances (Co X Be and Co X WC) the maximum f r i c t i o n  
force noted i n  the extended f r i c t i on  t e s t  did not achieve the 
values observed dt~r ing the orb i ta l  t e s t .  An e a r l i e r  ion pumped 
t e s t  of Co X Be (AFRPL TR-70-120) did show excel lent  agreement. 
I n  the case of Co X WC the current  study shows a f r i c t i ona l  
behavior comparable to  the previous ion pumped behavior. The 
'lower f r i c t i ~ n a l  force fo r  these b.!o cou[~les was noted in the 
pr ior  modified ion pumped t e s t  with extended s l id ing  producing 
no c l a r i f i ca t ion  of the observaCion. 
34 
C,-ictional behavior for  a l l  couples throughout the extended 
. , ,. 
t e s t s  generally agrees with shorter  s l id ing  distance 
:; generated i n  previous t e s t s .  Wear out of selected 
. j inations was noted. 
;,tprruption of the vacuum conditions permitted evaluation of 
c + e  a1 terat ion ( i f  any) and ra te  of recovery on the f r ic t iona l  
forces. Several couples exhibi Led t rans i to ry  reduction in 
f r ic t ion following a i r  exposure which returned to the vacuum 
value upon continued s l i d ing  i n  vacuum. 
, fio evidence of s t a t i c  f r i c t i o n  in  the c lass ical  sense was 
evidenced in  the data records using an intermi t t e n t  mechanical 
t e s t  and an osc i l l a t i ng  s l i d e  prof i le  which routinely passed 
through zero velocity.  
5 .  Passive mechanical his tory (non-sliding) was found to produce 
a measurable increase in  running f r i c t i on  on the thin fi lm 
lubricants tes ted.  Passive dwell had l i t t l e ,  i f  any; r e l a t i ve  
e f f ec t  on the other  material combinations. 
6.  Accumulated mechanical s l id ing  (mileage) was found t o  be the 
dominant fac tor  in controll ing the development of Friction in  
space, the molecular sink and ion pumped vacuum and modified 
in vacuum except as previously noted. 
7 .  Observable ~nechanical s l idiW.incubat ion (an i n i t i a l  amount of 
s l id ing  during which the f r i c t i o n  increases) was found for  
several of the unl ubricated ~nater ia l  combinations. 
8. In the orb i ta l  t e s t  program the greates t  discrepancy between 
f r ic t iona l  behavior in o i l  pumped ultrahigh vacuum and space 
was found f o r  unl ubricated metal systems. Such differences 
were not noted in  e i t he r  the molecular sink o r  the ion pumped 
t e s t s  . 
9. No un i ve rsa l  conclus ions from these t e s t s  reqard inq  the  
i n f l u e n c e  o f  hardness, s o l u b i l i t y ,  o r  c r y s t a l  s t r u c t u r e  can 
be made. Genera l l y  those ma te r ia l s  having a  h iqh  shear 
. s t reng th  e x h i b l  t h i q h  c o e f f i c i e n t s  o f  boundary l a y e r  f r i c t i o n .  
I t  i s  suggested t h a t  f o r  un lub r i ca ted  conibinations, t r u e  
con tac t  area growth may be a  c o n t r o l l i n g  f a c t o r  i n  the 
s p e c i f i c  f r i c t i o n  developed between a  t e s t  c o n f i g u r a t i o n  
o f  a b a l l  on a  f l a t .  
10. Based upon the  d i f f e r e n c e s  found i n  prev ious s tud ies  between 
data  from a  room temperature w a l l / o i l  pumped u l t r a h i g h  vacuum 
and o r b i t a l  cond i t i ons ,  t h i s  type o f  s imu la ted  space envil-on- 
ment may be unacceptable f o r  determin ing fo rce  1  i m i  t i n g  f r i c t i o n a l  
processes f o r  c e r t a i n  ma te r i a l  conibinations. 
11. Agreement o f  f r i c t i o n  o f  some mate r ia l  p a i r s  i n  a l l  the  
cond i t i ons  s t u d i e d  i n  t h e  prev ious programs and i n  t h i s  s tudy 
i n d i c a t e s  t h a t  l e s s  s o p h i s t i c a t e d  and expensive t e s t i n g  can 
be used i n  e v a l u a t i n g  some m a t e r i a l s  i n  hardware designs. 
12. No eviderice o f  f r i c t i o n  dependence on o r b i t a l  a l t i t u d e  was 
found. 
1 3 .  Summarized on the  f o l l o w i n g  page are t y p i c a l  c o e f f i c i e n t  o f  
f r i c t i o n  values f o r  each t e s t  combination. Inc luded i n  t h i s  
summary are dzk- taken i n  an o i l  pumped u l t r a h i g h  vacuum. 
Comparison o f  t h i s  w i t h  the o r b i t a l  data showed general agree- 
ment between seven conibinations and disagreement o f  e i g h t  com- 
b i n a t i o n s ;  no d e f i c i t i v e  t e s t s  o f  one combinat ion occurred. 
By con t ras t ,  a  comparison o f  molecular  s i r ~ k  t e s t  data shows 
twelve o f  t h i r t e e n  c o ~ b i n a t i o n s  agree. The e a r l y  wear o u t  o f  
s y n t h e t i c  MoSZ i n  the f l i g h t  t e s t  may have been the  r e s u l t  o f  
a  non - t yp i ca l  sample. For th ree  ma te r ia l  cornbinations no 
d i r e c t  coniparisons could be made. The lacl: o f  o r b i t a l  data 74.7 
FIGURE 14. Cxtcnded 10s Pumped Chara i te r i zu t ion  
Comparli ln of Orb i ta l .  Past Launch UHY, Molecular Sink and Ion  Punped Result! 
h i e r i a l '  Yk ~ l l q h t t  
---- 
440C x BN . 0.35 - 0.85 
4aOC x S Y "  MoS2 0.1 wear out 
440C x UC 0.85 
S40C x 17-4 PH 0.1 rhmr o i n  
Ca n Be 1.6.- 2.2 
CO x co 0.5* '  
2C x A" 
44OC x Polyimide 
440C r WSE, 
CO r 4q 
t!C x UC 
HC x U1203 
41 r Bc 
c o  r; YC 
4aUC r PTFE 
440C x Nat. PoSZ 
mater ia l s  i e c t i o n  f o r  d c r c r i o t i o n .  
coeFf i c ien t r  o f  f r i c t i o n ,  q ,  reorerent  t v o t c a l  data obtained i n  eac l  s e t  of t e r t r .  
at26 to i n t e r n i t t e n t  run  a f f e c t s  noted on ly  i n  o r b i t a l  t e r t  
f o r  one o f  these was due t o  t h e  re lease  o f  a  shear p i n  du r ing  
t h e  f l i g h t  t e s t .  Two combinat ions were n o t  t e s t e d  i n  the 
molecu lar  s i n k  t e s t s  because of  i n o p e r a t i v e  s t r a i n  gages. 
The i o n  pumped f r i c t i o n  t e s t s  show good agreement between 14 
o f  the  16 m a t e r i a l s  p a i r s .  The l a c k  o f  c o r r e l a t i o n  i n  t h e  
s y n t h e t i c  Nos2 t e s t  i s  a t t r i b u t a b l e  t o  the l a c k  o f  s i g n i f i c a n t  
t e s t  da ta  i n  the  f l i g h t  t e s t .  The r e s u l t  i s  comparable t o  
prev ious ground t e s t s  suggest ing an abnormal i ty  i n  the  f l i g h t  
t e s t  sample. The e a r l y  wear o u t  o f  t h e  s i l v e r  coated sample 
i n  i o n  pumped t e s t s  d i d  n o t  occur  i n  any o f  t h e  prev ious  t e s t  
se r i es .  P r i o r  t o  wear ou t ,  t h e  f r i c t i o n  value appeared nominal. 
V 
DISCUSSION OF RESULTS 
1. GENERAL 
The i n d i v i d u a l  behav ior  o-f the  f r i c t i o n  t e s t  couples i s  discussed 
i n  t h i s  sec t ion .  General f ea tu res  have bee;? surrflarizod -in the  Resu l ts  
Summary. A graphics-I cornp3:rr'son o f  the  .Fric'i-ional behavior  .for f i f t e e n  
o f  the m a t e r i a l  'couples t e s t e d  i n  t h i s  study w i t h  prev ious t e s t  r e s u l t s  
can be matie by ex3,mination 0.7 t h e  ~ r z p h s  i n  Appsndix A w i t h  App?nd.ices 
B, C & D. E x h  couple can a l s o  be exnrnincd f o r  the  i! l f ' lvences o f  the  
t e s t  p r o f i l e s  and del i bera' tely c o n t r o l  l e d  env'i r o n m ~ n t a l  pzrameters . 
Appendices E, C & D p:-asent g r tphs  o f  .the d ~ t a  obtai!?cc' i n  the tlhrec 
prev ious ground t e s t s  : o i  I pl!inpcd, molecular  s i n k  and i o n  puniy?cl 
vacuums. D s t a i l s  of  these i x s . i ~ ,  are coiit;il.t~d f n  Refereiices 1, 2 & 6 .  
A l l  da ta  i s  shown as a coef .? ic ien"L f '  fr ' ic' i lon. The c o e f f i c i e n ' t  o f  
f r i c - t i o n  i s  def ined as the  r l i~zsured s14dSng f o r c e  d f v i G x i  by the  a p p l i e d  
normal f o rce  between t h e  t r a n s l s t i n g  sur faces.  
kJhile t l ie  data ? $  r:iissen,Led as 8 coeff. ic. iciIt 0.7 f r i c l % o n  -- ___-___ the r-adsr 
s l l o t ~ i d  PI: catrtjon:ci9 thee@ reao r ted  vs'l~!;?s o f  f ~ f c t f o n  For  the ':,:st - 
gaterials 21-2 o;r'~y wpresent r ; t?ve  o f  .1:ii2 i o a j s  snd cizo:,i?tv7tes 'icsted 
.- 
h e w .  Other q z o ~ o t i - f e s  zild l o ? &  SV ~!; i? iMt s t g n f f . ; c N ) r  d f f 1 : ~ ~ 1 1 t  
- 
f r i c t l c r ~ a l  bzhavl oi-. 
2. SPECIFIC !!#I'ERIAbS L3EI4AVIOR 
The f ~ l l o : ~ l ' r ~ ~  s p e c l f t c  d iscussions of each rnaLerCsl couple Rave 
been dcve lop td  by cxaminat4on of the  p e r t f n e n t  gb-sphs o f  Appendices A, 
0 ,  C & D. 
a. A1 - 440C x BN 
( 1 )  The extended, modified ion vacuum, ion vacuum, molecular 
sink and orb i ta l  t e s t s  demonstrate the same average 
s l id ing  f r i c t i o n .  
( 2 )  All t e s t s  show a considerable var ia t ion in  f r i c t i o n  from 
run to r u n .  
( 3 )  None of the t e s t s  suggests in te rmi t ten t  s l i d ing  produces 
a systematic change in the  f r i c t i ona l  behavior. 
(4 )  The f r i c t i on  behavior of t h i s  pa i r  shows no apparent 
change by exposure to the modified ion vacuum condit ions.  
b .  A2 - 440C x Synthetic MoS2 
( 1 )  The modified ion vacuum re su l t s  agree with a l l  o ther  
ground t e s t s .  The extended ground t e s t  demonstrates a 
wear out as noted i n  the orb i ta l  t e s t .  
( 2 )  All t e s t s  show t h a t  non-sliding produces a higher f r i c t i o n  
which i s  not noted with continuous s l i d ing .  
( 3 )  The f r i c t i o n  behavior of t h i s  pa i r  shows no s e n s i t i v i t y  
t o  any of the  modified ion vacuum condit ions.  
c. A3 - 440C x WC 
(1)  The extended ion vacuum coef f ic ien t  of f r i c t i o n  agrees 
well w i t h  previous ion vacuum, ~nolecular sink and  o rb i ta l  
t e s t s  . 
( 2 )  All t e s t s  show a strong mechanical s l i d ing  incubation of 
about ten meters p r io r  t o  reaching the equi 1 ibrium 
f r i c t i o n  behavior. 
( 3 )  There i s  no evidence of a f r i c t i on  dependence with 
in te rmi t ten t  s l i d ing  conditions in any of the  t e s t s .  
(4)  The f r i c t i o n  behavior of t h i s  pa i r  was uneffected by 
any of the modified ion vacuum environments. 
d .  A4 - 44OC x 17-4PH 
( 1 )  The moclified ion vacuum coef f ic ien t  of f r i c t i o n  agrees 
well with t ha t  of the molecular sink and ion vacuum 
t e s t s .  A shear p i n  re lease o f  t h i s  couple i n  o r b i t a l  
t e s t  negates any o r b i t a l  f r i c t i o n  comparison. 
(2)  A l l  t e s t s  show s t r o n g  mechanical s l i d i n g  i n c u b a t i o n  
up t o  twenty meters s l i d i n g  t o  reach the  e q u i l i b r i u m  
f r i c t i o n  behavior .  
( 3 )  The f r i c t i o n  behav ior  o f  t h i s  p a i r  was une f fec ted  by 
any o f  the mod i f i ed  i o n  vacuum envi  ronnients . 
( 4 )  No evidence o f  i n t e r m i t t e n t  s l i d i n g  e f f e c t s  was found 
i n  any o f  the  t e s t s .  
( 5 )  A cont inued r i s e  i n  f r i c t i o n  fo rce  w i t h  cumulat ive 
s l i d i n g  was noted i n  the extended i o n  vacuum t e s t .  
e .  A 5 - C o x B e  
( 1 )  The f r i c t i o n  behav ior  o f  t h i s  couple does n o t  agree w i t h  
t h a t  o f  the  o r b i t a l ,  mo lecu lar  o r  i o n  p~inlped vacuum. 
( 2 )  Previous o r b i t a l ,  molecular  s i n k  and i o n  vacuum ground 
t e s t s  show a  cont inuous ly  r i s i n g  f r i c t i o n .  Extensive 
s l i d i n g  i n  t h e  c u r r e n t  s tudy prov ides no c l a r i f i c a t i o n  
as t o  why t h e  behavior  was d i f f e r e n t .  
(3 )  No evidence o f  i n t e r m i t t e n t  s l i d i n g  e f f e c t s  was found i n  
any o f  the  t e s t s .  
f. A6 - CO x C o  
(1)  The extended i o n  vacuum c o e f f i c i e n t  o f  f r i c t i o n  agrees 
we1 1  w i  tll a1 1  prev ious t e s t s  . 
( 2 )  I n  a l l  t e s t s  a very minor mechanical s l i d i n g  i ncuba t i on  
was noted. 
( 3 )  No evidence o f  i n t e r m i t t e n t  s l i d i n g  e f f e c t s  was found i n  
. .. 
any o f  the 'Fes t s  . 
(4) The f r i c t i o n  behavior  o f  t h i s  p a i r  was una f fec ted  by any 
o f  the mod i f i ed  i o n  vacuum environments. 
g. A7 - 440C x AFSL-15 
(1)  No evidence o f  mechanical s l i d i n g  i ncuba t i on  i s  noted 
f o r  t h i s  couple. 
(2)  No a l t e r a t i o n  i n  f r i c t i o n  w i t h  i n t e r m i t t e n t  s l i d i n g  i s  
found. 
( 3 )  No change i n  f r i c t i o n  du r ing  m o d i f i c a t i o n  o f  the i o n  
pumped vacuum was found. 
(4 )  As t h i s  p a i r  was n o t  p r e v i o u s l y  tes ted ,  no comparisons 
are  made. 
h. A8 - 440C x Vespel SP-21 
(1 )  General agreement o f  the mod i f i ed  i o n  vacuum F r i c t i o n a l  
behavior  w i t h  t h a t  f o r  a l l  prev ious t e s t s  i s  evidenced. 
( 2 )  No t e s t  shows evidence o f  any i n t e r m i t t e n c y ,  dependency 
o r  mechanical s l i d i n g  incubat ion .  
( 3 )  The o r b i t a l  and i o n  pumped t e s t s  shcqv! a decrease i n  
f r i c t i o n  under cont inuous s l i d i n g . .  
( 4 )  Decreases i n  f r i c t i o n  found i n  the mod i f i ed  i o n  vacuum 
t e s t s  suggeft@d . . .  as. be ing  a f u n c t i o n  o f  cont inuous 
s l i d i n g  r a t h e r  than an environmental i n f l u e n c e  a r e  
. . 
s t r o n g l y  i n  evidence w i t h  the extended vacuum t e s t .  
. A  
i. B1 - 440C x WSe2 
(1 ) The extended i o n  vacuum r e s u l t s  agree w i t h  those o f  the  
prev ious  ground and o r b i t a l  t e s t s .  
(2 )  I n t e r m i t t e n t  s l i d i n g  c o n s i s t e n t l y  r e s u l t s  i n  an i n i t i a l  
i nc rease  .in f r i c t i o n  which reduces w i t h  cont inued rubbing.  
-. . 
( 3 )  A l l  t e s t s  show a modest inc rease i n  the  c o e f f i c i e n t  of 
f r i c t i o n  w i t h  accumulated s l i d i n g .  
(4 )  The f r i c t i o n  behav ior  o f  t h i s  p a i r  shows no s e n s i t i v i t y  
t o  any o f  the  mod i f i ed  i o n  vacuum cond i t i ons .  
( 5 )  No s i g n i f f  can t  mechanical i ncuba t i on  i s  evidenced f o r  
thSs couple. 
. . 
(6) blear o u t  occur red  d u r i n g  t h e  extended s l i d i n g  study.  
j. 02 - Co x Ag 
(1)  The extended i o n  pumped vacuum f r i c t i o n  agrees o n l y  w i t h  
the prev ious i o n  pumped f r i c t i o n  study which a l s o  i n d i c a t e d  
a  r a p i d  wearout o f  the  s i l v e r .  S i m i l a r  behav ior  was n o t  
noted i n  prev ious ground n o r  t h e  o r b i t a l  t e s t  phase. 
Wearout i n  the l a t t e r  two t e s t s  i s  thought  t o  be r e l a t e d  
t o  sample aging. 
( 2 )  The m o d i f i c a t i o n  o f  an io r l  vacuum produced a  decrease 
i n  the  f r i c t i o n  o f  t h i s  couple w i t h  n i t rogen ,  water  and 
oxygen. However, argon, carbon d iox ide ,  and methane 
add i t i ons  produced no apparent change. The s p e c i f i c  
i n f l u e n c e  noted i s  T i  k e l y  associated w i t h  the  fo rmat ion  
o f  n i t r i d e s  and ox ides o f  s i l v e r .  
(3) No s i g n i f i c a n t  mechanical i ncuba t i on  i s  evidenced f o r  
t h i s  couple. 
(4 )  F r i c t i o n  dur ing  the  extended s l i d i n g  study was dominated 
by t h e  subs t ra te  ma te r i a l s .  
k .  03 - WC x WC 
(1 )  A l l  t e s t s  show mechanical i ncuba t i on  o f  about 5 meters 
s l i d i n g  t o  reach the  e q u i i i b r i u i  s l i d i n g  f r i c t i o n .  
(2 )  The t y p i c a l  c o e f f i c i e n t  o f  f r i c t i o n  i n  the  mod i f i ed  i o n  
pumped vacuum agrees w i t h  t h a t  o f  the o r b i t a l ,  mol s i n k  
and i o n  pumped vacuum t e s t s .  
( 3 )  No evidence o f  a f r i c t i o n  s e n s i t i v i t y  t o  any o f  the 
extended i o n  pumped vacuum environments was noted. 
. . 
1.  04 - WC x A1 Z O j  -=- 
(1) I n d i c a t i o n  o f  mechanical i ncuba t i on  was noted i n  mod i f i ed  
i o n  and o r b i t a l  t e s t s .  No such s l i d i n g  i ncuba t i on  was 
found i n  the  mol s i n k  o r  i o n  vacuum t e s t s .  
(2)  The general c o e f f i c i e n t  o f  f r i c t l o n  o f  the mod i f i ed  i o n  
vacuum tends t o  agree w i t h  prevfous o r b i t a l  and o t h e r  
ground t e s t s .  
( 3 )  Water vapor i n t r o d u c t i o n  i n  bo th  t he  mod i f i ed  i o n  vacuum 
and e a r l i e r  mod i f i ed  o i l  pumped vacuum produced a  decrease 
i n  f r i c t i o n .  
m. B5 - A1 x Be 
( 1 )  There i s  general agreement between the  r e s u l t s  of the 
mod i f ied  i o n  vacuum, i o n  vacuum, mol s i n k  and o r b i t a l  
t e s t s  . 
( 2 )  The o r b i t a l  t e s t  shows an i n t e r m i t t e n c y  e f f e c t  where the  
f r i c t i o n  i s  h ighes t  w i t h  fo l low. ing l o n g  i n t e r ~ n i t t e n t  
dwel l  per iods  . 
( 3 )  Mechanical i n c u b a t i o n  appears t o  be i n c o n s i s t e n t  f rom 
t e s t  t o  t e s t .  
( 4 )  A suggested t ime dependent adhesion was found o n l y  i n  
the o r b i t a l  t e s t .  
( 5 )  The modi f ied i o n  vacuum f r i c t i o n  showed no s e n s i t i v i t y  
t o  the cond i t i ons  s tud ied .  
n. B6 - Co x  WC , . 
(1 )  There i s  apparent ly  some e f f e c t  on l i m i t i n g  the inc rease 
i n  f r i c t i o n  w i t h  con t inued s l i d i n g  i n  t he  extended i o n  
vacuum f r i c t i o n  when compared t o  p rev ious  o r b i t a l  and 
i o n  pumped t e s t  r e s u l t s  . 
( 2 )  Some evidence o f  a s l i d i n g  mechanical i n c u b a t i o n  i s  found 
i n  a l l  t he  t e s t s .  
( 3 )  ['lo evidence . .- o f  an i n t e r m i t t e n t  e f f e c t  upon f r i c t i o n  was 
-. 
noted. 
(4) No s p e c i f i c  a1 t e r a t i o n  o f  f r i c t i o n  due t o  exposure t o  a  
p a r t i c u l a r  mod i f i ed  i o n  vacuum i s  noted. 
c .  87 - 440C x  PTFE T e f l o n  
( 1 )  The extended i o n  vacuum f r i c t i o n  and a l l  p rev ious  t e s t s  
demonstrate t h e  same. average f r i c t i o n .  
: .~. 
No evidence o f  i ntermi t ' ce i i t  s l i d i n g  behav io r  was found 
i n  any test.. 
-. . 
( 3 )  S l i g h t  mechanicai i ncuba t i on  was evidenced i n  t h e  
o r b i t a l  t e s t .  
( 4 )  No evidence o f  a  change i n  t h e  f r i c t i o n  w i t h  any o f  the  
mod i f i ed  i o n  vacuum environments was found. 
3 .  08 - 440C x Nat MoS2 
(1) The extended i o n  vacuum t e s t  f r i c t i o n  agrees w e l l  w i t h  
p rev ious  o r b i t a l  and s imu la ted  space vacuum f r i c t i o n .  
( 2 )  Wearout a f t e r  the  same nominal s l i d i n g  occurred i n  the  
o r b i t a l  and mol s i n k  t e s t s .  
( 3 )  Higher f r i c t i o n  immediate ly  f o l l o w i n g  i n t e r m i t t e n t  s l i d i n g  
dwel ls  was c o n s i s t e n t l y  found i n  a1 1 t e s t s .  
( 4 )  No evidence o f  a f r i c t i o n  change w i t h  any o f  t h e  m o d i f i e d  
i o n  vacuum cond i t i ons  was noted. 
The extended i o n  pumped vacuum f r i c t i o n  t e s t  shows good agreement w i t h  
ERS 20 o r b i t a l  t e s t  r e s u l t s  generated under c o n t r a c t  AF 04(611)-10747, 
molecular  s i n k  r e s u l  "L generated under c o n t r a c t  F04611-69-C-0080 and 
i o n  p.umped vacuum data generated under c o n t r a c t  F04611-70-C-0029. By 
con t ras t ,  the  o r b i t a l  f r i c t i o n  t e s t  data d i d  n o t c o r r e l a t e  f o r  about 
50% o f  comparative f r i c t i o n  data generated i n  an o i l  pumped u l t r a h i g h  
vacuum. A l l  m a t e r i a l s  which d i d  n o t  c o r r e l a t e  showed cons iderab ly  
h i g h e r  f r i c t i o n a l  behav ior  i n  the  o r b i t a l  t e s t .  
In t h i s  t e s t  two couples cont inued t o  e x h i b i t  a  lower  l i m i t i n g  f r i c t i o n  
f o r c e  as e a r l i e r  noted under the  mod i f i ed  i o n  vacuum cond i t i ons ,  c o n t r a c t  
952996. These two couples, Co X Be and Co X LdC showed no s e n s i t i v i t y  t o  
a p a r t i c u l a r  modi fy ing gas d u r i n g  the  prevfous phase. Rather the  
developmznt o f  th ,?  u l t i m a t e  f r i c t i o n  Force was l e s s  than t h a t  noted i n  
space vacuum. A s i m i l a r  f r i c t i o n  value i n  i o n  pumped vacuum was noted 
f o r  the Co X WC couple. Extended s l i d i n g  d i d  n o t  reso l ve  the  d i f f e r e n c e  
noted f o r  e i t h e r  couple between the  space and ground t e s t  behaviors.  
General f r i c t i o n a l  values measured throughout  t h e  extended s l i d i n g  t e s t  
c o n f i r m  the  appl i cabi 1 i ty o f  the  f r i c t i o n a l  cha rac te r . i s t i cs  and comparisons 
es tab l i shed  w i t h  s h o r t e r  mechanical t e s t i n g  p r o f i l e s  i n  t h e  prev ious  vacuum 
t e s t  s tud ies  . 
Near o u t  o f  t h i n  f i l m  l u b r i c a n t s  was noted. Two couples showed a 
cont inuous increase i n  f r i c t ,+on w i t h  cont inued s l i d i n g  t h r o u g l ~ o u t  the  
extended s l i d i n g  t e s t .  A11 o t h e r  p a i r s  achieved a f a i r l y  cons tant  
f r i c t i o n  f o r c e  f o l l o w i n g  some i n i t i a l  s l i d i n g  under vacuum. The two 
couples w i t h  cont inuous ly  i n c r e a s i n g  f o r c e  apparent ly  cont inue t o  modi fy  
t h e i r  c o n t a c t i n g  sur faces .  The r a t e  o f  such m o d i f i c a t i o n  i s  a f u n c t i o n  
o f  the g@om?tr ies and normal f o r c e  loads imposed. 
ldh l le  the  f r i c t . i o n  c o e f f i c i e n t s  between several  couples became q u i t e  h igh  
i n  no case d i d  any p a l r  evSdcl~ce gross s t t c k i n g  (cold~1~nld. ing).  
I ~ i t e r r u p t i o n  o f  the extended s l i d i n g  vacuum t e s t  t o  r e p a i r  t h e  exper imenta l  
u n i t s  showed e i t h e r  no e f f e c t  o r  a  r a p i d  recovery t o  the  e a r l i e r  f r i c t i o n  
values upon re-establ . ish ing s l i d i n g  i n  vacuum. These r e s u l t s  r e i n f o r c e  
the premise t h a t  the s l  ? d i n g  d is tance ( m x h a n i c a l  h i s t o r y )  i s  t h e  pr imary  
f a c t o r  i n  e s t a b l i s h i n g  t h e  f o r c e  l i m i t i n g  boundary 1 ayer f r i c t i o n .  
These P r i c t i o n  r e s u l t s  are n o t  considered i n c o n s i s t e n t  w i t h  c lean su r face  
s tud ies  and normal f o rce  adhesion measurements o f  mota ls  which show s t r o n g  
s e n s i t i v i t i e s  t o  minor vacuum environment v a r i a t i o n s .  Rather,  t h i s  
i 11 us t r a t e s  the  s t rong  r o l e  m i  cromechanics p lays  i n  dominat ing t h e  shear 
fo rce  development between eng ineer ing  m a t e r i a l s  s l i d i n g  ove r  eng ineer ing  
dimensions. 
Of prime i n t e r e s t  i s  the  general observa t ion  t h a t  t h e  in-space and b o t h  
molecular  s i n k ,  i o n  pumped f r i c t i o n  r e s u l t s  were c o n t r o l l e d  by  the  
mechanical h i s t o r y  and appeared independent o f  t h e  exposure t ime.  Where 
space mechanisms are r e c e i v i n g  a d d i t i o n a l  t ime dependent contaminant gas 
loads from space system hardware, no l i m i  t i ? g  t e s f  cond i t i ons  w i l l  apply.  
The r e s u l t  o f  space vacuum t ime independence i n d i c a t e s  t h a t  meanlngful 
f r i c t i o n  ma te r ia l  and design eval  ua t ibns  a r e  p o s s i b l e  us ing  the  mechanical 
h i s t o r y  (mi leage) as the pr imary test. c o n t r o l  f o r  measuring t h e  l i m i t i n g  
forces and assessing p o t e n t i a l  wear out .  
. 
APPENDIX A  
EXTENDED ION VACUUM DATA & ORBITAL DATA 
T h i s  s e c t i o n  c o n t a i n s  g r a p h i c a l  p r e s e n t a t i o n s  o f  t h e  f r i c t i o n  d a t a  f o r  
t h e  s i x t e e n  m a t e r i a l  comb ina t ions  s t u d i e d  i n  t h e  M o d i f i e d  I o n  Pumped 
Vacuum F a c i l i t y .  Shown on t h e  o p p o s i n g  page i s  t h e  c o r r e s p o n d i n g  
o r b i t a l  f r i c t i o n  c u r v e  e x c e p t  f o r  A7 w h i c h  i s  a  new t e s t  c o m b i n a t i o n  
i n  t h i s  s t u d y .  
The o r d e r  o f  p r e s e n t a t i o n  i s  b y  d e s i g n a t i o n  on t h e  e x p e r i m e n t   nodules 
A1-8 and 81-8. 
50 A1 - 440C x BN Extended I o n  Pumped Data  
5'1 A l  - 440C x  BiN ERS 20 O r b i t a i  Da ta  
52 A2 - 440C x  S y n t h e t i c  MoS2 Ex tended  I o n  Pumped Data 
53 A2 - 440C x  S y n t h e t i c  MoS2 O r b i t a l  Data  
54 A3 - 440C x W C  Extended I o n  Pumped D a t a .  
55 A3 - 440C x WC O r b i t a l  Da ta  
56 A4 - 440C x  17-4 FH Extended I o n  Pumped Data  
58 A5 - Co x  Be ~ x t e i d e d  1on Pumped Data  
59 A5 - Co x  Be O r b i t a l  Data  
60 A6 - Co x  Co Extended I o n  Pumped Data  
61 A6 - Co x Co O r b i t a l  Data 
62 A7 - 440C x  AFSL-15 Extended I o n  Pumped Data  
63 A7 - WC x  A; .O?bi t a l  Data  
64 A8 - 440C x SP-21 Extended I o n  Pumped Data  
65 A8 - 440C x SP-21 O r b i t a l  D a t a  
66 61 - 440C x  WSe2 Extended I o n  Pumped Data  
67 B1 - 440C x  WSe2 O r b i t a l  Data  
68 82 - Co x Ag Extended I o n  Pumped Data  
69 BZ. .. Co x Ag O r b i t a l  Data  
70 B3 - WC x WC Extended I o n  Pumped Data 
7  1 83 - WC x  WC O r b i t a l  Data  
72 84 - WC x A1203 Extended I o n  Pumped Data  
73  84 - WC x A1203 O r b i t a l  Data  
74 85 - A1 x Be Extended I o n  Pumped Data  
75  05 - A1 x Be O r b i t a l  Data  
76 86 - Co x WC Extended I o n  Pu~ilped Data  
77 B6 - Co x WC O r b i t a l  Data  
78 B7 - 440C x T e f l o n  Extended I o n  Pumped Da ta  
79 B7 - 44DC x T e f l o n  O r b i t a l  Data  
80 88 - 440C x N a t u r a l  MoS2 Extended I o n  Pumped Data 








440C STAINLESS STEEL X 17-4 PH SThIFiLESS STEEL 
NO E?S 20 ORBITAL TEST DATA 4 V 4 I L n B L E  
A s i n a l e  i n i t i a l  da t a  poin t  of %O.l  c o e f f i c i e n t  o f  f r i c t i o n  was 
obtained i n  t h e  f l i g h t  t e s t .  The te lemet ry  d a t a  from t h e  space- 
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RUN NUMBER I se s
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RUN NUMBER ( 1  run  equals 1 m e t e r  o f  s l i d i n g )  
RUN NUI4DEX 








OIL PUMPED FRICTION DATA 
This s e c t i o n  conta ins composite graphs o f  the ground f r i c t i o n  data f o r  
s i x t e e n  ma te r ia l  combinat ions s tud ied  under c o n t r a c t  AF 04(611)-10747. 
The study used a TRW o i l  d i f f u s i o n  pumped u l t r a h i g h  vacuum chamber t o  
p rov ide  the t e s t  e n v i r o n m n t .  Three sets o f  ground t e s t  data were 
generated f rom the  prelaunch, p o s t  launch and c o n t r o l l e d  environment 
t e s t s .  The f a c i l i t y ,  procedures and d iscuss ion  o f  the  r e s u l t s  a re  
conta ined i n  AFRPL-TR-69-207, Reference 2. 
Resul ts  o f  the  ground t e s t s  are shown here t o  a l l ow  comparison w i t h  
r e s u l t s  shown' i n  Appendix A, C & 0. 
The o rde r  of: p resen ta t i on  i s  by des ignat ion  on the  modules A1-8 and 
1-8. 
pgg 
83 A1 - 440C x BN Ground Tes t  Composite 
84 A2 - 440C x Syn the t i c  MoS2 Ground Test  Composite 
85 A3 - 440C x WC Ground Tes t  Composite 
86 A4 - 440C x 17-4 PH Ground Test  Composite 
87 A5 - Co x Be Ground Test  Composite 
88 A6 - Co x Co Ground Test  Composite 
89 A7 - WC x Au Ground Test  Composite 
90 A8 - 440C x SP-21 Ground Test  Composite 
91 B1 - 440C x WSe2 Ground Test Composite 
92 82 - Co x Ag Ground Test  Composite 
93 83 - WC x WC drbund Test  Composite 
94 E4 - WC x A1 0 Ground Test  Composite 
2 3 
95 85 - A1 x Be Ground Test  Composite 
96 86 - Co x WC Ground Test  Composite 
97 87 - 440C x Te f l on  Ground Test  Composite 






IN  VACUUM 
POST LAUNCH 
GROUND TESTS 
IN CONTROLLED ENVIRONMENT 




4.4OC STAINLESS STEEL X SYPJTHETiC MOLYBDENUFvl DiSULFIDE e ciat 2 
A ma€ 10 
POST LAUNCH POST LAUNCH 
GROUND TESTS GROUND TESTS 
I N  VACUUM I N  CONTROLLED ENVIRONMENT 
PRELAUNCg 
GROI~ND T S T S  
IN VACUUM 
- 
RUN NUMBER (1 run equal S 1 meter f sliding) 
I,, , ,, t / < < 5 ~ i 4  & $  
GuUljlat, rt5'i-r 
IN CONTROLLED EWVILIONMEI4T.. 
POST LAIJNCH 
GROUND TESTS 
I N  VACUUM 
POST LAUNCH 
GROUND TESTS 
IN CONTROLLED E N v L R O N ~ ~ ~ T  
- 




f OST LAUNCH 
GROUND TESTS 
IN  CONTROLLED ENVlRONMMl 
N O  DATA AVAILABLE FROM POST L A U N C H  G R O U N D  T E S T S  
TUI\IGSTEN CARBIDE X GOLD 
POST LAUNCH 
C,nollbin T I 5 T S  
,I I . / r . i  Ill liA 
POST LAUNCH 
GROUND TESTS 









IN CONTROLLED ENVIRONMENT 
RUN NUMBER ( 1  r u n  equa l s  1 rne te r  o f  s l i d i n g )  
A CYCLE 16 
PCST LAUNCH 
GROUND TESTS 
IN CONTROLLED ENVIRONMENT 
POST LAUNCH 
GROUND TESTS 
IN  VACUUM 
POST iALUCH 
GROUND TESTS 




. ."' . 
y. -.-. . 
POST LAUNCH 
POST MUNCH GROUND TESTS 
GROUND TESTS IN CONTROLLED ENVIRONMENT 
IN VACUUiLl 
. - 
RUN xUMBER (1 run equals 1 meter o f  s l i d i n g )  
PRELAUNCH 
GROUND TESTS 






'6 ! : I., 
I'O',l l/,lll 1, I 1  
of s l i d i n g )  
I::E!AUXCli 
1 .?OL%iD TESTS 
I +4 VAC Vd .A4 
poj; 2 "'4 "1' >.~LL,Y 
GROUND TESTS 
IN Vl.CUJ:M 
0 CYCLE 4 
A CYCLE 12 
?OST LAUXCH 
GROUND TESTS 





IN  CONTROLLED ENVIRONMENT 





GBC?UND i E S T S  
{,.J , . '  < ' \ s . . \ J > ~  
POST @CIi 
GROUN ESTS 
I N  VACUUM 
0 CYCLE 6 
A CYCLE 14 
POST LAUNCH 
GROUND TESTS 
I N  CONTROLLED ENVIRONMENT 
POST LAUNCH 
GROUN,D TESTS 
I N  VACUUM 
POST LAUNCH 
GROUN3 T I \ i S  








*'Or RUNS 1-10 
I CONSECUTIVE 
I N  AIR 
23OC 
. . .  
.... 
... C 
... . . .  
8 
. . . . . . . . .  ! . . . . . . . . . . . . . . . .  I . . .  : .. ; . I  1 :.... 1 .:;. .: 
, . . 
, .. , i ; . j  ; , . I : , . I  > 
OO 10 20 38 40 50 60 
POST LAUNCH 
GROUND TESTS 
I N  CONTROLLED ENVIRONMENT 






0 cvcrE a 
A CYCLE 16 
POST LAUNCH 
GROUND TESTS 
IN CONTROLLED ENVlKONMENl 
APPENDIX C 
MOLECULAR SINK FRICTION DATA 
This section contains the graphical presentations of the f r i c t i o n  d8ta 
fo r  the sixteen material combinations studied i n  the Molecular Sink 
Vacuum Test Program. 
The order of presentation i s  by the experiment designations on the 
modules A1-8 and 81-8. 
100 A1 - 440C x BN Moleculsr Sink Data 
101 A2 - 440C x Synthetic MoS2 Molecular Sink Data 
102 A3 - 440C x WC Molecular Sink Data 
103 A4 - 440C x 17-4 PH Molecular S i n k  Data 
104 A5 - Co x Be Molecular Sink Data 
105 A6 - Co x Co Molecular S i n k  Data 
106 A7 - WC x A u  Moiecular Sink Uata 
107 A8 - 440C x SP-21 Molecular Sink Data 
108 B1 - 440C x WSe2 Molecular Sink Data 
109 82 - Co x Ag Molecular Sink Data 
111 B4 - WC x A1203 Molecular Sink Data ' 
112 B5 - A1 x Be Molecular Sink Data 
114 87 - 440C x Teflon b~olecular Sink Data 
115 B8 - 440C x Natural MoS2 Molecular Sink Data 














TUNGSTEN CARBIDE X TUNGSTEN CARBIDE 
NO MOLECULAR S I N K  TEST @.kTA AVAILABLE 

RUN r:UMB€R . . I . - ,  1 
. (1 r ,  , ; . .  
CORALT X TUNGSTEN CARBIDE 







I O N  PUMPED FP.: ,1314 DATA 
Th is  s e c t i o n  c o n t a i n s  t h e  graphs o f  grcs--z t e s t  f r i c t i o n  d a t a  taken  i n  
i o n  pumped vacuum under  c o n t r a s t  F046ii--"C-0029. The s t u d y  used the  
same TRW i o n  pumped chamber used i n  tk.e ~ ~ b s e q u e n t  m o d i f i e d  i o n  vacuum 
t e s t .  
The o r d e r  o f  p r e s e n t a t i o n  i s  by d e s i g n e z k n  on t h e  modules A1-8 and B1-8. 
117 ' A1 - 440C x BN I o n  Pumped C::3 
118 A2 - 440C x S y n t h e t i c  !InS.. ::" P~jmped Data  L 
-119 A3 - 440C x WC I o n  Pumped Lzr? 
120 A4 - 440C x 17-4 PH I o n  Pur.:?d D a t a  
121 A5 - Co x Be I o n  Pumped D a t z  
122 A6 - Co x Co I o n  Pumped Dat: 
123 A7 - WC x Au - I o n  Pumped C z t i  
-. 124 A8 - 440C x SP-21 I o n  Pump?: ' ia ta 
125 B1 - 440C x WSe2 I o n  PumpeC ;ata 
126 82 - Co x Ag I o n  Pumped D a i s  
127 83 - WC x WC I o n  Pumped D a t z  
128  84 - WC x A1203 I o n  Pumped ;sta 
129 85 - A1 x Be I o n  Pumped Dat? 
130 86 - Co x WC I o n  Pumoed D a t ?  
131 87 - 440C x Te f lon  I o n  Pum;el Data  






( i r ,  0 ,  I 1 -, I,.. . . . ' P RUN t4U:'IDER 
b 
( I  run equals 1 nieter of s l i d i n g )  
RUX i i l iMUCR 


0 10 2s 30 40 50 60 70 






C 13 20 M 40 50 60 70 80 90 100 110 120 
RUN NUMBER ( 1  run cq~,>l< 1 5 t n c  2",14.;1-!;: 
0 12 20 30 40 50 60 73 80 90 100 110 120 
1 RUli' NUlilBER ( 1  run  equals  1  meter o f  s l i d i n g )  
S, 
%! 
RUN NUHBER ( 1  run cquals  I mtc r  of r1'd .r; '  
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